Non-linear growth It has been traditional to think ofheight gain of children as a steady process and the term 'linear growth' is often used as shorthand for increase in stature as opposed to weight.' We are often reminded of this with simple graphics on textbook covers and logos for organisations and meetings that depict a series of children of different heights with their heads connected by a smooth line. It is also easy to believe that the beautiful curves on a centile chart2 describe the real progress in height of an individual, without realising that the chart is a statistical construct from population data that often has been 'smoothed' mathematically to produce the finished product.
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Paediatricians normally monitor the growth of their patients at relatively infrequent intervals, and for relatively brief periods of the child's growth span. At this level the healthy child will tend to follow a centile channel determined (after the first two years of life) by his or her genetic background. Indeed the growth of an individual approximates to a series of curves which can be described mathematically as an exponential (infantile growth) plus a second degree polynomial (mid-childhood growth) plus one of a family of logistic functions (a description of the timing of puberty and then cessation of growth). This is the basis of the infancy-childhood-puberty or ICP model of growth3 4 but it must be remembered that this is both a model of growth and an approximation -not a description of real life.
If we assess the growth of an individual by multiple measurements over a long period of time then deviations from a smooth curve become apparent. Montbeillard's son is the classic example -the Count demonstrating that there was apparently periodic acceleration and deceleration in the growth rate of his child as early as 1777. Some of these were associated with the season of the year, others were unexplained.5
The more closely we look at the growth process the more non-linear it becomes.
Indeed if we think about the process that leads to an increase in height there is no reason to suppose that linearity is anything other than a convenient approximation to reality. First picture a single cell in a growth plate: at any time it may be resting, synthesising, or dividing as it passes through the cell cycle. In the simplest possible system of one cell exposed to a single growth factor with feedback regulation, given a response that is not instantaneous there would be a simple oscillation of division and rest with reciprocal peaks and troughs of the growth factor -the net result being 'growth' which would be predictable but non-linear. Then complicate the system by adding multiple cells, arranged in thousands of columns per growth plate. Each cell is under the control of multiple hormones and growth factors secreted in an endocrine, paracrine, and autocrine fashion. The endocrine events are modulated themselves by catabolism, daylight hours, time of day, and pulse generators in the central nervous system. Other factors such as temperature, nutrient supply, and pressure (in an erect human) also modulate cellular events. The control mechanisms for division and synthesis are different at each stage of the cells' differentiation in the growth plate. Then realise that there are at least 58 epiphyses between the heel and the top of the head, not all responding to any of the aforementioned signals in the same way6 or contributing the same amount of growth to final height. The multiple small events throughout the body all summate, but growth cannot be a linear process.
We then come to the measurement of growth itself. All measurements are themselves approximations and subject to equipment and observer error. There have been many attempts to refine anthropometricl [7] [8] [9] or biochemical observations10 to predict subsequent growth, either natural or as a consequence of treatment. It may be that the development of ever more precise measurement techniques and devices will merely lead to the observation of more and more detail of the growth process, interesting in itself, but of no help in prediction of later growth.
The study of dynamic interacting systems, of which human growth is but one To give a familiar example from the literature of chaos theory, which draws heavily on analogies with weather forecasting, the 'butterfly effect' states in simple terms that long term weather prediction is impossible as very small changes in the initial conditions can magnify to produce large variations at another point, or, if a butterfly flaps its wings in a rain forest this will perturb the 'starting conditions' and cause subtle local changes in air pressure that produce larger regional changes the net effect of which may be later storms over England. However, an identical butterfly on the next leaf with the next wing beat may produce no observable later weather effects, or tornadoes in Arizona. However, although precise prediction of next week's weather is not possible, we can say with virtual certainty that summer will follow winter. In a similar manner we may not be able to predict the exact height of a child three months from now but we can make broad predictions about a likely final height.
As one looks deeper into the processes of the chaotic system one continues to find apparent disorder at every level down to the subatomic quantum realm. If the disorder has short, medium, and longer term fluctuations that are similar in their appearance, demonstrating 'scale invariance', then this is called 'fractal'
behaviour. "l 12
Chaotic systems are unpredictable, but the fact that short term unpredictability exists in human growth, and that height gain is non-linear, does not mean that it is necessarily truly chaotic. If a large number of independent sources of fluctuations interact on any process they may produce stochastic (that is, nondeterministic) noise. It may be that growth should be considered as a single non-linear system, when chaos theory might apply, but non-linear time series analysis of a huge number of data points (>105), impracticable in longitudinal human studies, is required to differentiate this from random noise.
We will now examine the methodology and some of the current knowledge of the short term growth process to see if any conclusions may be reached concerning the 'true' nature of childhood growth. Distinctions must be made between community based surveys for short stature and the more precise growth studies that are possible using selected subjects in a measuring laboratory. Voss et al detail error due to equipment malpositioning and child based factors,'5 besides observer error that will be magnified still further if more than one measurer is used. One may be reasonably confident that a single height observation may be accurate to ± 2 SD, equivalent to ±0 5 cm in many community based studies. This is approximately the increment in height one might observe over 2 months in midchildhood, and more frequent measurements are unlikely to be of value.
We are lucky in Sheffield to have had two consecutively employed professional auxologists who have made observations on high quality equipment in a specialised measuring laboratory over the last 20 years. It has been their practice to take measurements of height without knowledge of previous records, to avoid bias. Possibly more important than the technique are the subjects used in the short term growth studies quoted below, who are 'trained' to be 'good' subjects by multiple attendances. The mean SD of measurement of our current auxologist, performing a series of completely blind replicate measurements on these individuals is 0 11 cm, equivalent to the increment of height observed in approximately four weeks.
Postural changes in height through the day, largely due to spinal disc compression, have been quantified since the 18th century. The Reverend Wasse demonstrated that height loss through the day could be as much as 6/1 Oths of an inch, came from the back not the legs, and was more prominent in younger people and heavy labourers.'9 Montbeillard showed that his son 'shrank' after an all night party.5 These postural losses have been quantified as 0 55 cm and 1-2 cm by different 20th century observers20 21 and can be minimised, but not eliminated by use of the 'stretch' technique22 where the mean morning difference was 0-2 cm and 0-46 cm through to the afternoon. It is thus important that short term growth studies should try to measure children at the same time of day, wherever possible. The often quoted phrase to medical students 'you can lose weight but you can't lose height' is not true at this time scale.
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